This study was conducted to obtain Ni x Ce 1Àx O 2 (where x ¼ 0, 1, 3 and 5% w/w) nanoparticles using Salvadora persica extracts through an easy, inexpensive and non-toxic method. The biosynthesized nanoparticles have been characterized via powder X-ray diffraction (PXRD), Raman spectroscopy, field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX) spectroscopy, and vibrating-sample magnetometer (VSM) analysis. The results of PXRD showed that Ni doping in the CeO 2 process generated a higher shift at an angle of (111); also, the PXRD patterns were surveyed by the Rietveld refinement technique. Raman analysis revealed that doping nickel in CeO 2 led to the nanoparticles reducing the intensity of the F 2g mode. The FESEM images showed that the particle size was 5-6 nm and it had a spherical shape. The hysteresis loops of the synthesized nanoparticles were similar to that of the normal ferromagnetic materials. The cytotoxic activity of the synthesized undoped and Ni-doped CeO 2 -NPs was determined using MTT assays against a colon cancer cell line (HT-29). The results showed that the cytotoxic effect of the synthesized nanoparticles changed after doping nickel in CeO 2 -NPs. The increase in the Ni-doping value for CeO 2 -NPs increased the cytotoxic activity. The sun protection factor (SPF) has been estimated through spectrophotometric measurements for determining UV protection. This showed that increasing the percentage of nickel in the doped nanoparticles increased the protection factor and a higher SPF value was obtained: 48.52.
Introduction
Developments in nanomaterial sciences have shown that every nanoparticle has its own unique properties and usage, which makes them able to enter an industrial or non-industrial area. So, these developments improves or enhance the quality of lots of nano-products as well as, it causes economics savings. [1] [2] [3] [4] [5] [6] [7] Cerium oxide nanoparticles (CeO 2 -NPs) have a cubic uorite structure with each cerium atom surrounded by 8 atoms of oxygen and each oxygen atom surrounded by 4 cerium atoms. When an element with a lower oxidation number than that of a cerium atom enters CeO 2 -NPs, oxygen is removed, resulting in oxygen defects in the crystalline structure. These changes improve the stability of the crystallite structure of cerium oxide. Therefore, doping in the nanostructures of cerium oxide increases thermal and chemical stability and leads to strong UV absorption of the crystal. 8, 9 There are many reports on the doping of different metals into CeO 2 such as Co, Pb, Cd, Fe, Ni, and Zn. This has improved the properties and applications of new nanostructures. [10] [11] [12] CeO 2 -NPs are usually synthesized through physical and chemical methods such as precipitation, 13 sol-gel, 14, 15 microemulsion, 16 and thermal decomposition. 17 The biosynthesis of nanoparticles using natural resources is a modern method with a lower expense and reduced pollution compared to previous methods. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Salvadora Persica (Salvadoraceae) is a tree with 6-7 m height, and its bark is cracked and wrinkled. It is an indigenous tree of the Middle East, Asia and Africa that commonly grows on the path of ooding and river bank. S. persica contains terpenoids, steroids, alkaloids, and tannins. 29, 30 Previous studies showed that the extract of this plant is able to regenerate and stabilize nanoparticles. 19 Cancer is one of the leading causes of death globally. Nanoscience and nanotechnology advancements can offer innovative research avenues and new tools to deepen our understanding about cancer initiation and the evolution of the disease. Additionally, nanomaterials have shown great promise for the development of better cancer treatment strategies. [31] [32] [33] Studies have shown that cerium oxide nanoparticles can act as potential free radical scavengers in the treatment of cancer. 34 Among nanomaterials, cerium oxide nanostructures have been used in solar cells, catalysts, sunscreens, sensors, and UV blocks due to their rapid changes in oxidation states, mobility of oxygen ions, and large band-gaps. 35 UV radiation is one of the most important causes of skin damage and skin cancer. Therefore, skin protection from UV radiation has been an important research issue for many years. 36 Nanoscientists have devoted many efforts to improve the quality and performance of nano-based sunscreens. These efforts led to the use of many nanoparticles such as titanium dioxide and zinc oxide in sunscreens and these products have shown high performance in skin protection. Previous studies have shown that CeO 2 -NPs have better UV absorption ability than zinc oxide nanoparticles. 37 This study aimed to improve the properties of CeO 2 -NPs through doping with transition metals and the development of nanoparticle synthesis using a fast, cheap and non-toxic route. Therefore, in this study, we tried to synthesize undoped and nickel-doped CeO 2 -NPs using an aquatic extract of S. persica and survey their sun protection factor (SPF) through the spectrophotometric method and the cytotoxic properties on an HT-29 cell line. 
Experimental

Extraction of S. persica
Salvadora persica bark was collected from Khash, Sistan and Baluchestan, Iran. The collected samples were dried and crushed. Then, they were extracted through the maceration method using distilled water as a solution. For this purpose, the plant bark was soaked in distilled water (1 : 10 ratio), and the mixture was shaken at 150 rpm for 4 h. Then, it was ltered using Whatman paper No. 1 and the ltrate was kept for the next steps at 4-7 C.
Synthesis of undoped and Ni-doped CeO 2 -NPs
An aqueous extract of S. persica (10 mL) was diluted with 50 mL of distilled water. Then, a Ce(NO 3 ) 3 $6H 2 O solution (0.1 M, 50 mL) was added to the mixture. In order to dope Ni into CeO 2 , Ni(NO 3 ) 2 was separately added at 0, 1, 3 and 5% w/w. The solutions were placed in a water bath of 70 C for 3 h. Then, the solvent was dried at 80 C and the resulting products were calcined in a furnace at 400 C for 2 h.
Evaluation of the cytotoxicity of undoped and Ni-doped CeO 2 -NPs
The colon cancer cell line (HT-29) was prepared using a cell bank from Pasteur Institute, Iran. Aer the vials containing the HT-29 cells were defrosted, the cells were incubated in a culture medium of DMEM supplemented with FBS, streptomycin and penicillin at 37 C, 5% CO 2 atmosphere and 90% moisture. Then, the cells were counted by Neubauer lam and 5000 cells per well were placed in a 96-well plate. To each well, 200 mg mL À1 DMEM media was added and the cells were incubated for 24 h. Then, the cells were treated and incubated using synthesized non-doped and doped nanoparticles (0-400 mg mL À1 , separately) for 24 h. In the next step, MTT (5 mg mL À1 of MTT in PBS buffer) was added to each well and again, the plate was incubated for 2 h. In the end, purple formazan was dissolved in DMSO. The optical absorbance of the wells was measured at 490 nm. The cell viability of the synthesized nanoparticles was presented as a percentage relative to untreated control cells.
Determination of sun protection factor (SPF)
The synthesized sample (1 g) was dissolved in ethanol using a 100 mL volumetric ask. The mixture was ultrasonicated for 15 min. Then, 5 mL of the prepared solution was dissolved in ethanol using a 50 mL volumetric ask. Finally, 5 mL of the solution was diluted in a 25 mL volumetric ask. The absorption values were measured using spectrophotometry from 290 to 320 nm. 38 
Characterization
The X-ray diffraction spectra of the nanoparticles were recorded with a DAD4 Advance-Bruker X-ray diffractometer (Netherlands). The nanoparticles were imaged with a TESCAN MIRA3 scanning electron microscope (SEM). Raman spectra were taken with a Takram P50C0R10 Raman spectrometer at a 532 nm laser wavelength. Bruker Tensor 27 was used to acquire the FT-IR spectrum. The absorbance of the synthesized nanoparticles was measured using UV-vis spectroscopy on a UV-1800 spectrophotometer (Shimadzu, Japan).
Results and discussion
In the present study, we attempted to synthesize undoped and nickel-doped CeO 2 -NPs using an aquatic extract of S. persica. S. persica, as a stabilizing and capping agent, contains compounds such as terpenoids, alkaloids and tannins. Therefore, the S. persica extracts were used to create an initial molecular matrix by coating and stabilizing the cerium species, which resulted in the formation of the nanoparticles (Fig. 1 ). Fig. 2A shows the diffraction pattern of the synthesized Ni x Ce 1Àx O 2 NPs. According to the JCPDS le no. 43-1002, all recognizable Bragg peaks with Miller indices for (111), (200), (220), (311), (400) and (331) for synthesizing the nanoparticles show that the synthesized nanoparticles crystallize into a uorite cubic structure with the Fm 3m space group. 15 When Ni was doped in the CeO 2 matrix, a slight shi at a higher angle from (111) was observed ( Fig. 2B ). 38 This shi maybe due to the network contraction by the doped ions or the replacement of Ce by Ni ions. The crystallite size of the synthesized nanoparticles of undoped cerium oxide was 5.66 nm based on the Scherrer equation (D ¼ 0.89l/b cos q, where D: crystal size of the particles, l: X-ray wavelength used in the test, b: fullwidth-at-half-maximum in radians and q: angle of diffraction). 9 The crystallite sizes of the doped CeO 2 -NPs with 1, 3 and 5% Ni were measured as 5.44, 5.20 and 5.00 nm, respectively. This showed that by increasing the Ni concentration, the crystallite size decreased because of the decrease in the lattice parameters. 38 With RIETAN-FP, the crystallite sizes and micro-strains were estimated in the same manner as the general structure analysis system (GSAS). 39 In other words, the prole parameters in the pseudo-Voigt function of Thompson, Cox and Hastings 40 were the experimental and calculated XRD patterns of the synthesized undoped and Ni-doped CeO 2 -NPs. According to the c 2 values, an acceptable t was observed between the experimentally calculated and Rietveld calculated XRD patterns. As shown in Table 1 , the Rietveld rened lattice constant decreases from a ¼ 5.431(4) to 5.409(5) A on increasing the concentration of nickel ions. The reduction in the lattice constant can be due to the replacement of nickel ions in the CeO 2 lattice. The information on the microstrains and crystallite size (H-W) of the synthesized undoped and Ni-doped CeO 2 -NPs was obtained from b hkl and the planar spacing d hkl (the distance between the adjacent planes in the set (hkl)) using the Halder-Wagner (H-W) method, which its given as an approximation to the integral breadth of a Voigt function as follows: 41
Here, b L and b G are the Lorentzian and Gaussian components, respectively. In the H-W method, the crystallite size and strain proles are described by the Lorentzian and Gaussian functions, respectively. Consequently, we have
where b * hkl ¼ b hkl cos q=l and d * hkl ¼ 2 sin q=l. 42 The results of the crystallite sizes and microstrains of the synthesized undoped and Ni-doped CeO 2 -NPs estimated by the Scherrer, Rietveld and H-W methods are summarized in Table  2 . It shows that with the increase in Ni doping into the CeO 2 lattice, the crystallite size decreases. The crystallite size obtained using the Rietveld method was less than that obtained using the H-W method because the peak widening correction was taken into account in all instrumental factors in the Rietveld method. 43 Also, the crystallite size obtained by the H-W method was less than that obtained by the Scherrer method, which was due to the strain correction factor that was considered in the H-W method. 43 Raman spectroscopy is another useful tool for obtaining additional structural information about oxide nanoparticles to show their crystallite network disruptions. The only Raman active mode for CeO 2 -NPs is the F 2g mode with a uoride structure, which appears at 463.08 cm À1 . 44 This vibrational mode is a symmetric vibration of 8 oxygen atoms around any ceria cation. If a metal ion with the same size as that of Ce 4+ and a different charge is replaced with Ce 4+ in the crystal structure, its weakness would cause an active band of F 2g of cerium oxide and small additional peaks would also appear due to the oxygen vibration around the added atom. 45 Fig. 4 demonstrates that the Raman spectrum of the undoped CeO 2 -NPs shows just the F 2g mode at 453 cm À1 without any additional peaks. However, by increasing the nickel doping in CeO 2 -NPs, the intensity of the F 2g mode was reduced, the peak shied to 453, 447 and 441 cm À1 , and the crystallite size decreased to create oxygen vacancies in the CeO 2 lattice aer Ni entered the lattice. The small peaks alongside the main peak were related to the presence of NiO. 46 The FESEM images displayed in Fig. 5 show the morphologies of CeO 2 -NPs (doped and non-doped). The FESEM images clearly show spherical particles for all the synthesized samples. The images show that by increasing the percentage of Ni in the crystal, the particle size decreases. Also, the distribution of the particle size of the synthesized nanoparticles is shown in Fig. 5 .
EDX analysis showed that the undoped CeO 2 -NPs were pure and there were only cerium and oxygen ions in the nanoparticle structure. Also, by doping nickel in CeO 2 -NPs, nickel ions (Ni 2+ ) occupied some positions of the cerium ions (Ce 4+ ), which was greatly illustrated by the EDX analysis ( Fig. 6 ). Fig. 7 shows the hysteresis curves of the undoped CeO 2 -NPs and 1, 3 and 5% Ni-doped CeO 2 -NPs. The synthesized non-doped nanoparticles demonstrated low coercivity and magnetic residues, which illustrated the weak ferromagnetic behavior for the synthesized nanoparticles. The saturated magnetization (M s ) values (saturated magnetization) increased on increasing the Nidoped weight percentage in CeO 2 -NPs. The hysteresis loops of the synthesized nanoparticles were similar to that for the normal ferromagnetic materials. The origin of ferromagnetism in CeO 2 -NPs was because of the oxygen holes arising due to the conversion of some Ce 3+ ions to Ce 4+ .
As a result, the magnetic moments were created through the spin polarization of the 4f electrons of the cerium ions besides the oxygen holes. 47 In the same way, Coey et al. stated that oxygen holes increasing with the bond structure vibrations of the oxide group created considerable ferromagnetic properties in the sample. 47 Sundaresan also suggested that the ferromagnetism in CeO 2 came from exchanging unpaired spins of oxygen vacancies. 48 The increase in the M s values and the ferromagnetic behavior of Ni-doped CeO 2 -NPs can be explained through bound magnetic polarons (BMPs). BMPs are formed when the local spins of magnetic ions such as nickel interact with oxygen vacancies, leading to magnetic polarization near the local moments. Increasing the amount of oxygen vacancies will increase BMPs. 38 Cytotoxicity tests are designed to determine the toxicity of compounds to cells either qualitatively or quantitatively. The MTT assay is a quantitative cytotoxicity assay. The dye 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is used in this assay. The MTT assay is a sensitive and valid index to determine the cellular metabolic activity. 49, 50 The cytotoxic activity of the synthesized non-doped and Ni-doped CeO 2 -NPs was determined using an MTT assay on the colon cancer cell line (HT-29). Fig. 8 shows the cytotoxic activity of the synthesized undoped and Ni-doped CeO 2 -NPs (0-400 mg mL À1 ) at 24 h incubation. The results showed that the synthesized non-doped CeO 2 -NPs did not have a cytotoxic effect on the HT-29 cells; our previous studies showed the same result for the CeO 2 nanoparticles. 7 The survey of the cytotoxic activity of CeO 2 -NPs against the HT-1080 and MCF-7 cell lines by M. J. Akhtar et al. showed no signicant cell death. 51 The cytotoxic effect of the synthesized nanoparticles against the HT-29 cells changed aer doping nickel into CeO 2 -NPs. On increasing the Ni-doping value for CeO 2 -NPs, the cytotoxic activity increased. As shown in Fig. 7 , the cell viability values for 3% Ni-doped CeO 2 -NPs (400 mg mL À1 concentration) and 5% Ni-doped CeO 2 -NPs (200 mg mL À1 concentration) are 56% and 50%, respectively. Similar results were observed for Ni-doped CeO 2 -NPs against the HEK-293 and SH-SY5Y cell lines by F. Abbas et al. 52 They stated that the anticancer activity of their synthesized nanoparticles was related to the level of produced reactive oxygen species (ROS). 48 The morphology of the cells was changed to treat Ni-doped CeO 2 -NPs ( Fig. 9 ). Hence, the synthesized Ni-doped CeO 2 -NPs can be applied in cancer therapy in the future.
Sunscreens are graded based on the ability to absorb and emit UV rays. This is called the sun protection factor (SPF). This factor is determined by clinical tests or spectrophotometric measurements. Because clinical trials are time-consuming and the obtained results are similar in both methods, 53 the spectrophotometric method was employed by using the Mansur equation (eqn (3)) to obtain the SPF values for the synthesized nanoparticles in this study. 54
EEðlÞ Â IðlÞ Â AbcðlÞ Here, CF (correction factor) ¼ 10, EE(l) is the erythema effect of the radiation at wavelength l, I(l) is the intensity of the sunlight at the wavelength l and Abc(l) is the absorption of the wavelength l by the tested solution. Values of EE(l) Â I(l) were calculated by Sayre et al. and these values show in Table 3 .
The SPF values of the undoped CeO 2 -NPs and 1, 3 and 5% Nidoped CeO 2 -NPs were measured as 40.85, 43.62, 46.62 and 48.52, respectively ( Table 4 ). The results showed that by increasing the percentage of nickel in the doped nanoparticles, its protection factor increased ( Fig. 10 ). The UV protection mechanism of the zinc oxide and titanium oxide nanoparticles can be due to photon energy consumption. CeO 2 -NPs ($4 eV) had a larger band-gap 55 than zinc oxide ($3.3 eV) 56 and titanium oxide ($3.4 eV) 57 nanoparticles. Also, the size of the synthesized nanoparticles was in the range from 6.5 to 5 nm. The result of these two factors was that the synthesized nanoparticles were better than zinc oxide and titanium oxide for UV protection. 37 
Conclusion
Cerium oxide nanoparticles (CeO 2 -NPs) are one of the most widely used metal oxide nanoparticles in the industry. Doping nanoparticles using transition elements improves the properties of the nanoparticles. By doping nickel in CeO 2 , the magnetic property and cytotoxic effect of the synthesized nanoparticles can increase. The results show that doping changes the main properties of nanoparticles and sometimes, it improves them.
